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ABSTRACT 
Ultrafast and Magneto-optical Spectroscopy of Excitons and Phonons in Carbon 
Nanotubes 
by 
Layla Goli Booshehri 
Understanding how electrons and phonons relax in energy and momentum is one 
of the current goals in carbon nanotube spectroscopy as well as an important step 
toward developing novel electronic and optoelectronic devices based on carbon nan-
otubes. Here, we investigate the polarization anisotropy of coherent phonon (CP) 
dynamics of radial breathing mode (RBM) phonons in highly-aligned single-walled 
carbon nanotubes (SWNTs). Using CP spectroscopy, we measure RBM CPs as. a 
function of angle for two different geometries and in both cases, we observe quench-
ing of the RBM when polarization is perpendicular to the nanotubes. We also make 
progress in understanding the role of dark excitons in SWNTs at ultralow tempera-
tures. Measuring the magnetic field dependence to 5 T, we obtained an unexpected 
zero-field photoluminescence (PL) and PL brightening at 50 mK. To explain this con-
tradiction with current theory, we introduced a non-thermal distribution of excitons 
into current theory. 
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Chapter 1 
Introduction 
Since their discovery, much attention has been given to carbon nanotubes for their 
unique structure and promising nanotechnology applications. In particular, single-
walled carbon nanotubes (SWNT) possess highly unusual electronic and optical prop-
erties, making them objects of great interest for basic scientific studies as well as 
potential applications [1]. Because of their direct band gaps, SWNTs are a leading 
candidate to unify electronic and optical functionality in the same nanoscale circuitry. 
The past several years have witnessed remarkable progress in our understanding of 
light emission and absorption processes in SWNTs, revealing the unusual properties 
of one-dimensional excitons and opening up possibilities for making SWNT-based 
optoelectronic devices including lasers. 
More specifically, the one-dimensionality of single-walled carbon nanotubes is at-
tractive from both fundamental and applied points of view, where the ID confinement 
of electrons and phonons results in unique anisotropic electric, magnetic, mechani-
cal, and optical properties. Individualized SWNTs, both single-tube and in ensemble 
samples, have shown anisotropy with polarized Raman and absorption measurements 
where maximum signals result when the nanotube axis is aligned parallel to the polar-
ization of incident light [2, 3, 4, 5, 6, 7]. Additionally, due to strong anisotropic mag-
netic susceptibilities, both semiconducting and metallic SWNTs align well within an 
external magnetic field, and with the added properties of the Aharanov-Bohm effect, 
the electronic band structure of SWNTs respond anisotropically with the strength of 
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a tube-threading magnetic flux [8, 9, 10, 11, 12, 13, 14, 15]. Such optical and magnetic 
anisotropy is also expected with bulk samples, but detailed measurements showing 
extreme anisotropy have been lacking [16]. 
Here we present results on both mK magneto-photoluminescence (PL) and co-
herent phonon (CP) spectroscopy of SWNT thin films. We begin by providing a 
background on both excitons and phonons in Chapter 2, explaining the theory of 
radiative decay, magnetic brightening, and coherent phonons in SWNTs. In Chapter 
3, we detail the experimental results and analysis of our mK magnetic brightening 
measurements, and extend current theory to include non-thermal distribution of ex-
citons. Finally, in Chapter 4, we present our results on polarization dependent CP 
spectroscopy of highly-aligned SWNT thin films. 
3 
Chapter 2 
Excitons and Phonons in SWNTs 
2.1 SWNT band structure 
Single-walled carbon nanotubes (SWNTs) can be described as a single layer of graphite 
crystal (or graphene) that is rolled up into a seamless cylinder and has a very large 
aspect ratio, 1 nm vs. 100 mm [17]. Beginning with a 2D graphene sheet, shown 
in Figure 2.1, a nanotube can be specified by its chirality, how a nanotube is rolled, 
which is define by the chiral vector 
Ch — na\ + ma,2 = (n, m) (2-1) 
The chiral vector makes an angle 0 with the a\ direction and connects sites O and 
A, where a carbon atom is located along the tube axis, lines OB, AB' [18]. The unit 
vectors Si and a^ define the unit cell of the honeycomb lattice and in real space are 
defined by 
ai = ( ^ - a , - ) , a 2 = ( — a , - - ) (2.2) 
where a = |ai | = Icfel = 1.42 x -\/3 = 2.46 A is the lattice constant of graphene [19]. The 
axis of the zigzag nanotube corresponds to 9 = 0°, the armchair nanotube corresponds 
to 0 — 30°, and the chiral nanotube corresponds to 0° < 0 < 30°. 
The ID energy band structure for SWNTs is related to the 2D energy band struc-
ture calculated via the tight binding (TB) model for graphene. Using the TB approx-
imation, wave functions in the honeycomb lattice can be represented by taking into 
4 
Figure 2.1 : Unrolled honeycomb lattice of a nanotube [20]. 
account the two carbon atom basis of the lattice, where 4>A,B are wavefunctions that 
satisfy the Bloch equation: 
Pj (£*=)= E Cjr4>r{k,f) (2.3) 
3,3'=A,B 
The wavefunction energies and coefficients can then be determined by solving the 
coefficient equation 
[H - ES]C = 0 (2.4) 
where 
Hjj, = (Vj\H\ vr); Sjj, = fa | v?) (j,f = A, B) (2.5) 
are transfer and overlap intergrals. Solving Equation 2.4 results in the 3D dispersion 
of graphene shown in Figure 2.2. From the dispersion, graphene is a zero-gap semi-
conductor with conduction and valence bands touching each other at high symmetry 
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Figure 2.2 : The energy dispersion relation for 2D graphene. Conduction and valence 
bands are touching at K points indicating that graphene is a zero-gap semiconduc-
tor [19]. 
points K. K'. 
The resulting approximation for 2D energy dispersion of graphene is 
E(fcx,fc2/) = ± 7 o{l + 4 c o s ( ^ | ^ ) c o s ( ^ ) + 4 c o s 2 ( ^ ) } 1 / 2 (2.6) 
where 70 is the transfer integral between nearest neighbor lattice points [20]. 
To extend the 2D energy dispersion of graphene to SWNTs, periodic boundary 
conditions are imposed, where wavevectors are quantized in the circumferential di-
rection: 
exp (zfc • C) = 1, kM = 27r/i/C; /i = 0,1, 2,... (2.7) 
Using the graphene dispersion relation with the quantized wavevectors, the SWNT 
dispersion relation becomes 
E^k) = Eg2D(k-^- + fiKi); (// = 0,1 , . . . , N-l) (2.8) 
\K2\ 
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Figure 2.3 : ID energy dispersion for (a) (5,5) armchair nanotube, (b) (9,0) zigzag 
nanotube, and (c) (10,0) zigzag nanotube [19, 21, 22]. 
The ID energy dispersion relations for the (5,5) armchair, (9,0) zigzag, and (10,0) 
zigzag nanotubes are shown in Figure 2.3. If allowed k states pass through the K point 
in graphene, the nanotube is metallic. If the allowed k states do not pass through 
the K point, it is semiconducting. More specifically, from the (n,m) chirality index, 
a nanotube is metallic if n-m is divisible by 3. 
2.2 Excitons in SWNTs 
Coulomb interactions are enhanced in ID systems and due to the one-dimensional 
nature of carbon nanotubes, optical processes as a result are strongly affected by 
Coulomb interactions. Because of the strong ID confinement of electrons and holes, 
excitons in SWNTs have extremely large binding energies (> 300 meV) compared to 
exciton binding energies in bulk semiconductors (~ 5meV) [23, 24, 25, 26]. As shown 
in the previous section, the SWNT band structure is derived from the band structure 
of graphene and as such, nanotubes have equivalent conduction and valence bands in 
/c-space around K and K' symmetry points in graphene. 
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4 fold valley degeneracy 
KK K'K' KK' K*K 
4 fold spin degeneracy 
1 Singlet jf j) 
3 Triplet |TT), ^( | tT)- |U)) , |U> 
Figure 2.4 : Coulomb interactions giving rise to 16 partially degenerate exciton states 
in SWNTs. 
Coulomb interactions between carriers in the two A;-space valleys influence the 
energy levels and selection rules of the excitonic transitions [27]. Because the conduc-
tion and valence bands are doubly degenerate, for free electron-hole pairs, this gives 
four distinct but degenerate pair excitations. Shown in Figure 2.4, these four possible 
configurations are KK, K'K', KK' and K'K. 
This four-fold valley degeneracy alongside a four-fold spin degeneracy that stems 
from electrons and holes having spin, leads to 16 partially degenerate exciton states. 
More specifically, when the strongest part of the Coulomb interaction couples with 
spin, this gives rise to an odd parity singlet and even parity triplet states. Then, the 
weaker short range part of the Coulomb interaction splits and orders these singlet and 
triplet states further, shown in Figure 2.5. Taking into account parity and angular 
momentum, out of these 16 excitonic states, only one state is optically active. This 
optically active bright state exists within the singlet manifold and has odd parity 
and zero angular momentum. A lower lying optically inactive dark state with even 
parity and zero angular momentum exists below the optically active bright state. The 
separation between the dark and bright states is determined by the strength of the 
(a) (b) 
;S 0.98 
O 
gf0.96 
0.94 
0.92 
r (10,0) 
0 0 * 
E " • 
o"-e 
„A " • 
0 0 
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dark —.0Eg,.._.__.. 
bright—
 oA0"-
d a r k ^ 0 B Q . -
s
, 
5 2 
Singlet 
dark 
Singlet States 
"''
:::::::::::::J::::::::":::"*dark 
bright 
Parity and Angular 
Momentum considerations 
= Only 1 bright state 
Figure 2.5 : (a) Relative energy of SWNT excitonic levels for the (10,0) nanotube [28]. 
(b) Singlet states: only 1 state is optically active. 
electron-hole exchange interaction. Finally, above the bright singlet state, there are 
also two degenerate, higher energy states with nonzero angular momentum that are 
also optically inactive. Because nanotubes have such a unique exciton band structure 
with only one exciton state that is optically active and a lower lying optically inactive 
dark state, this greatly affects the optical properties of SWNTs, which will be further 
explained in later chapters. 
2.3 Radiative decay in SWNTs 
Because of energy-momentum conservation that is required for radiative decay, exci-
tons with large center-of-mass wave vector K > K cannot decay radiatively, where K 
is the wave vector of light in the crystal with the same energy as the exciton [29, 30]. 
Instead, excitons with K < K decay radiatively, and as radiative decay is greatly af-
fected by not only the density of states, but also the thermal distribution of excitons, 
only a small fraction of thermal population decay radiatively. This can be seen in 
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CD 
C 
LU 
Figure 2.6 : (Left) Schematic of thermal population of excitons in systems of different 
dimensionality. (Right) Exciton energy dispersion. [27]. 
Figure 2.6, where the difference in exciton occupation near the band edge for 1, 2, 
and 3D systems results in varying temperature dependent radiative decay rates [27]. 
More specifically, the exciton energy dispersion (right) describes the optically allowed 
region \ K \ < n. 
For ID systems, taking into account a Boltzmann distribution of excitons, Citrin 
calculated the radiative decay rate that scales as 1 /vT in semiconducting quantum 
wires, with an important assumption that the effective thermalization time of excitons 
is much less than the radiative lifetime [30]. 
Extending this to nanotubcs, radiative decay rate for SWNTs is affected by a 
complex exciton bandstructure. In particular, the lower-lying optically-inactive dark 
state can trap excitons, complicating the radiative decay process. Applying the same 
thermalization assumptions, both Spataru et al. and Perebeinos et al. calculated the 
temperature dependent radiative decay rate for SWNTs [28, 31]. Figure 2.7(a) shows 
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T (K) 
Figure 2.7 : (a) Radiative decay rate for excitons in SWNTs within the bright band 
only, (b) Radiative decay rate for excitons in SWNTs within the the singlet manifold. 
(Adapted from [31]). 
the temperature dependent radiative decay rate for excitons within the bright band 
only. As the temperature decreases, the exciton distribution in the bright band will 
narrow and begin thermally populating optically active exciton states at the bottom 
of the band, \ K \ < K. This results in an increase in the radiative decay rate with 
decreasing temperature. 
However, considering the case of thermalization between different parity states 
within the singlet manifold (ie: from the optically-active (lu) bright state to the low-
lying optically-inactive (lg) dark state), as temperature decreases, excitons within the 
bright band will populate the optically active exciton states until a critical temper-
ature when excitons begin scattering into the dark state. This traps a large portion 
of the exciton population at low temperatures and causes a decrease in the radiative 
decay rate. This is can be seen in Figure 2.7(b). 
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2.4 S W N T band s t ructure in magnetic field 
The band structure of a nanotube is predicted to change drastically when a mag-
netic field is applied parallel to the nanotube axis due to the Aharonov-Bohm ef-
fect [32, 33 ; 34]. When a nanotube is threaded by a magnetic flux, 0, an Aharonov-
Bohm (AB) phase is generated around the nanotube circumference and modifies the 
circumferential boundary conditions. More specifically, the band structure is pre-
dicted to depend on <p/(fto and the band gap will oscillate with a period <po = e/h, 
where e is the electron charge and h is Planck's constant [27]. As a result, this causes 
the K and K' valleys to split in energy and the band gap of a metallic (semiconducting) 
SWNT will open (shrink) with sufficient magnetic field. 
As mentioned in Chapter 2.2, in the presence of time-reversal symmetry, the dark 
and bright singlet states are separated by an amount Ax, which is determined by 
the strength of the electron-hole exchange interaction. However, when a symmetry 
breaking perturbation such as magnetic field is applied, the K-K' degeneracy is lifted 
and coulomb mixing is reduced. This causes the two lowest states to be further 
separated by an Aharonov-Bohm induced splitting, redistributes the spectral weights 
between the dark and bright singlet states and increases the oscillator strength of 
the dark state. As a result, this will eventually yield two bright states, as shown in 
Figure 2.8. One important aspect to note about the symmetry breaking effect is that 
any excitons trapped in the lowest dark state will become optically active with the 
introduction of sufficient magnetic field. 
2.5 Symmetry breaking effect on radiative decay 
Using a simplified two-level model for excitons, we can extend the results for the 
calculated temperature dependent radiative decay rate for SWNTs (Chapter 2.3) and 
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Figure 2.8 : Magnetic brightening of the dark singlet state when a symmetry breaking 
magnetic field is applied. (Adapted from [35]). 
include the magnetic field dependence [36]. First, the relative oscillator strengths of 
the dark and bright excitons are given by 
/, 5..P 
1 1 AT 
2 2 ^ / A | + A (2.9) AB 
where Ax = A^ — A<$ is the dark-bright energy splitting in zero magnetic field. The 
magnetic field dependence of the effective mass m*(B) is 
1 h
 + h h h 
m*s(B) m*6{B) mUBY mUB) ml(B) m*(S) ' 
(2.10) 
^ B 
Using the above equations and including the Boltzmann factor, e ke'r , the 
temperature and magnetic field dependence of the PL intensity is then 
70c 
h(B) 
S* 
+ e 
m*?(B) "t" C 
(2.11) 
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We will show in later sections, that this formula works well to describe the tem-
perature dependent magnetic brightening of SWNT PL intensity, especially at high 
temperatures. 
2.6 Phonons in carbon nanotubes 
Just like the electronic band structure, the phonon dispersion relations for carbon 
nanotubes are also obtained from the phonon dispersion relations of graphene. Fig-
ure 2.9 provides a good first approximation for the 2D phonon dispersion relation of 
graphite. Noting the T point in the graph, there are three phonon dispersion branches 
corresponding to acoustic modes that originate from the F-point of the Brillouin zone 
in graphene with u=0. In order of increasing intensity, there is the out-of-plane 
mode, the in-plane tangential mode, and an in-plane radial mode [19]. The three 
higher modes are optical modes that correspond to one non-degenerate out-of-plane 
mode and two degenerate in-plane modes. 
The zone folding method can then be used to determine the phonon dispersion 
relation for nanotubes from 2D graphene phonon dispersion curves, w£^(A;), where 
m — 1,..., 6 for the 3 acoustic and 3 optical modes and k is the vector in the layer 
plane. 
As shown before for determining the electronic band structure of SWNTs, the 
phonon wave vector will also become discrete in the circumferential direction due to 
the periodic boundary conditions defined by the chiral vector, Ch- Therefore, using 
zone folding [19], the ID phonon dispersion for SWNTs, cu"l£(k), becomes: 
" S W = "3>(*) (k-^r- + fiiti) (2-12) 
where m = 1,..., 6, fi — 0,..., JV — 1 . and — ^<k < j . . Moreover. K2 is the 
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r M K r 
Wavevector, q 
Figure 2.9 : The phonon dispersion relation for graphite plotted along the high-
symmetry in-plane directions [37]. 
reciprocal lattice vector along the nanotube axis, K\ is the reciprocal lattice vector 
in the circumferential direction, and T is the magnitude of the translation vector, T 
in Figure 2.1. 
Figure 2.10 shows the calculated phonon dispersion and low energy phonon disper-
sion for the (10,10) armchair nanotube. In particular, from the calculated low-energy 
phonon dispersion, there are four acoustic modes: two degenerate transverse acoustic 
modes, one longitudinal acoustic mode, and one "twist" acoustic mode. All other 
higher energy phonons are optical phonons. Figure 2.11 shows the radial breathing 
mode optical phonon that came about from its corresponding out-of-plane tangential 
acoustic mode with k=0 in graphene. We will show in later sections some optical 
measurements investigating the RBM in SWNTs. 
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Figure 2.10 : (a) Calculated phonon dispersion for (10,10) armchair nanotube. (b) 
Low-energy phonon dispersion curves for the (10,10) armchair nanotube [20]. 
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Figure 2.11 : (Left) Out-of-plane tangential acoustic mode in graphene becomes 
(Right) the radial breathing mode optical phonon for SWNTs [20]. 
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Chapter 3 
Magnetic Brightening of Dark Excitons 
In understanding the radiative and non-radiative decay mechanisms and the role of 
dark excitons on the quantum efficiency in SWNTs, much focus has been placed 
on understanding the influence of temperature and magnetic field on SWNT pho-
toluminescence (PL) intensity. Our previous experimental studies investigating the 
temperature dependence of SWNT ensembles at high magnetic fields have uncov-
ered a magnetic-field-induced increase by a factor of 6 of the PL intensity at low 
temperatures down to 1.5 K. while our recent micro-PL spectroscopy study of in-
dividual SWNTs in magnetic fields up to 5 T has shown that there are significant 
environmental effects that affect the excitonic fine structure [36, 38]. 
Although progress has been made in understanding the role of dark excitons on 
the radiative decay process, there are still many questions left unanswered. It has 
been suggested that the role of defects or disorder also have a symmetry-breaking 
role similar to magnetic fields, causing magnetic brightening at low temperatures. 
Additionally, theory suggests that at low temperatures, when the thermal energy 
becomes smaller than the dark-bright splitting energy, all excitons will populate the 
lowest dark excitonic state, resulting in the complete disappearance of PL. Driven by 
these questions, our current work focuses on mK-temperature-dependent studies well 
below 1.5 K, to make the thermal energy much smaller than the dark-bright splitting 
and to understand exciton dynamics at very low temperatures. 
Utilizing a unique dilution refrigerator and superconducting magnet system at 
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Tohoku University that offers the ability to perform magneto-optical studies at mK 
temperatures, we measured temperature dependent magnetic brightening of the pho-
toluminescence of DNA-wrapped CoMoCat SWNTs dispersed in a polyacrylic acid 
PAA matrix thin films. Measuring the magnetic field dependence up to 5 T at 50 mK 
and 4.3 K with excitation energy of 670 nm, we obtained an unexpected PL intensity 
for 50 mK at zero-field that is comparable to the zero-field intensity at 4.3 K. Addi-
tionally, comparing the magnitude of magnetic brightening, both 50 mK and 4.3 K 
exhibit the same increase in magnetic brightening. Such results are contrary to cur-
rent theory, as we expected zero PL at mK temperatures, with the largest increase in 
magnetic brightening at very low temperatures. Such results imply novel explanations 
such as a non-thermal distribution of excitons at low temperatures, defect-induced 
partial brightening of the dark state, and the inaccuracy of the Boltzmann distribu-
tion to describe the relative populations of the bright and dark exciton bands. 
3.1 Previous magnetic brightening measurements 
Zaric et al. performed near-infrared magneto-optical spectroscopy of SWNTs and 
measured two absorption peaks with equal strength at high magnetic fields [35, 14]. 
As shown in Figure 3.1(a), they discovered that when the magnetic field is parallel 
to the nanotube axis, the peak separation of the absorption peak at zero magnetic 
field into two peaks at high magnetic field (>55 T) is determined by the Aharonov-
Bohm phase that breaks the time-reversal symmetry and lifts the valley degeneracy 
of SWNTs. This is further supported by the absence of any peak splitting when the 
magnetic field is perpendicular to the tube axis (Figure 3.1(b)). 
Shaver et al. furthered the above magneto-optical measurements by measuring 
temperature dependent magneto-PL of SWNT films. As shown in Figure 3.2, they 
showed that symmetry breaking magnetic field can increase the PL quantum yield of 
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Figure 3.1 : Near band-edge absorption in semiconducting SWNTs in high magnetic 
fields for (a) polarization parallel to B and (b) both parallel and perpendicular to 
B [35]. 
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a SWNT by a factor of 6 at low temperatures. Their results were the first clear ex-
perimental observation of dark excitons 5-10 meV below the bright excitons [36]. The 
role of the dark exciton on PL intensity can also be further verified by Figure 3.2(a). 
where the PL intensity decreases below ~ 25 K at 0 T, as is expected from Chap-
ter 2.3. They were also able to successfully fit their results to Equation (2.11) at high 
temperatures. 
All of the above measurements were made using ensemble samples, where the op-
tical measurements investigated many nanotubes. As a result, this can cause broad-
ening of absorption and PL features and the existence of dark excitons could only be 
inferred from the T and B dependence of the PL intensity. However, Srivastava et al. 
reported direct observation of the spin-singlet dark exciton in individual SWNTs by 
measuring low-temperature micro-magneto-PL spectroscopy [38]. As shown in Fig-
ure 3.3, there is the appearance of the dark exciton peak at a lower energy when a 
magnetic field is applied to the single nanotube. The dark exciton peak grows with 
field at the expense of the bright exciton peak, eventually becoming dominant at fields 
>3 T. In Figure 3.3(b), they also verify the absence of any magnetic brightening of 
the dark exciton peak when the magnetic field is applied perpendicular to the single 
nanotube. They observed this behavior for more than 50 nanotubes. and directly 
measured a dark-bright splitting of 1-4 meV for tube diameters ranging between 1.0-
1.3 nm. 
3.2 Experimental methods 
3.2.1 Dilution refrigeration 
A dilution refrigerator is a cryogenic device that uses a mixture of He-3 and He-4 to 
cool to temperatures in the milliKelvin regime. To describe the dilution refrigera-
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Figure 3.3 : Micro-magneto PL of a single nanotube when the magnetic field is (a) 
parallel (b) perpendicular to the nanotube axis [38]. 
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Figure 3.4 : (a) Dilution refrigerator before refrigeration cycle, (b) Dilution refriger-
ator during refrigeration cycle [39]. 
tion process, a detailed animation and guide from the National High Magnetic Field 
Laboratory website was referenced and summarized below [39] . 
Figure 3.4 shows a typical diagram of a dilution refrigerator. Firstly, liquid helium 
is used to immerse the entire fridge in a bath with temperature at 4.2 K before some 
of that helium is siphoned off into the 1.5 K pot. Using the vacuum pump (right), 
the vapor pressure is lowered in the pot and some of the liquid helium in the pot 
evaporates. This lowers the temperature of the pot to 1.5 K. 
Next, an exact mixture of He-3/He-4 is passed through the pipe attached to the 
vacuum pump (left) and through the 1.5 K pot. Because the liquid helium in the 
1.5 K pot is being vaporized, this lowers the temperature of the He-3/He-4 gas in 
the pipe. The cooled gas mixture condenses into the still and mixing chamber as a 
homogenous mixture of liquid helium. The vacuum pump (left) then lowers the vapor 
pressure in the still, causing evaporation and cooling the remaining liquid in the still. 
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As He-3 evaporates faster than He-4, most of the evaporation is from He-3, leaving 
behind liquid He-4 in the still. 
Now, the refrigeration cycle begins. The He-3 gas will pass through a cold trap 
that acts to purify the gas. It will then be sent into the condenser within the 1.5 K pot 
and reliquefies. This reliquefication process is maintained by a very narrow capillary 
tube located beneath the condenser that provides flow impedence to maintain the 
pressure. Next, the He-3 passes through heat exchangers to cool it down to the 
target temperature. 
As the mixing chamber is also connected to the still, the liquid He-3 coming from 
the condenser is added to the mostly liquid He-4 that was in the mixing chamber 
at the beginning of the refrigeration cycle. At temperatures lower than 800 mK, the 
He-3/He-4 mixture will phase separate, where the top layer contains mostly He-3 and 
the bottom mixture contains mostly He-4 and some He-3. Because He-3 atoms have 
been vaporizing out of the still, which lowers the concentration of He-3 in the still. 
As a result, He-3 from the bottom layer of the mixing chamber will be driven up into 
the still via osmosis. Finally, He-3 from the top layer will cross over to the bottom 
layer. This process will cycle and maintain mKelvin temperature cooling while in 
operation. 
For our measurements at Tohoku University, we used an Oxford Kelvinox MX50 
dilution refrigerator, as shown in Figure 3.5. This model provides for base tempera-
ture of < 25 mK and a maximum temperature of 1 K. With this system, we performed 
temperature dependent measurements down to 50 mK. 
3.2.2 mKelvin photoluminescence spectroscopy 
Photoluminescence (PL) spectroscopy is a nondestructive method to probe the elec-
tronic band structure of materials. Photoluminescence is the re-emission of photons 
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Figure 3.5 : Oxford Kelvinox MX50 Dilution Refrigerator [40]. 
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after absorbing a photon of higher energy. More specifically, when exciting a material 
with photons at energies higher than its band gap, electron-hole pairs or excitons are 
created, which then relax back to the ground state by emitting photons [41]. For 
our PL measurements, in particular, we excite our nanotube sample with energy cor-
responding to the £22 conduction band of the (8,3) nanotube. This corresponds to 
excitation wavelength of 670 nm. Once carriers are excited to £22, they will then 
relax nonradiatively to the En conduction band before returning to the ground state 
and emitting PL. The emitted PL is at a lower energy than the excitation energy and 
can be detected with IR detection sources. 
Combining PL spectroscopy with dilution refrigeration and a superconducting 
magnet, we can investigate magnetic field dependence of mK PL of the (8,3) nanotube. 
Because we are performing ultra-cold measurements, it is important to investigate a 
nanotube film sample that can withstand freezing temperatures without damage to 
the film. Therefore, our sample of choice was DNA-wrapped C0M0CAT SWNTs in 
a polyacrylic acid matrix. 
The experimental setup for our measurements is shown in Figure 3.6. Using a 
laser diode (LD) with center wavelength of 670 nm, we first use a short pass filter 
(700 nm short pass) to remove any higher order frequencies of light in the laser 
excitation. As we will be detecting PL in the IR regime, it is important that the 
detect signal does not include any source from the laser. Next, the laser is reflected 
off a pellicle beamsplitter, where it is reflected into an objective lens that is coupled to 
a multimode fiber. This fiber is then coupled to a single-mode fiber inside the dilution 
refrigerator that is inside the superconducting magnet (Oxford Instruments Solenoid 
Superconducting Magnet). The sample is attached to the cold finger of the dilution 
refrigerator, as shown in Figure 3.7. Not only does this provide strong thermal and 
mechanical contact of the sample to the cold finger, ensuring that the sample can reach 
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Figure 3.6 : Magnetic field dependent mK PL experimental configuration. LD: laser 
diode, M: mirror, BS: beamsplitter. 
mK temperatures, it also allows excitation of the sample in Voigt geometry. More 
specifically, this means the laser polarization is perpendicular to the magnetic field 
polarization in the sample. As the nanotubes in the sample is randomly oriented, only 
the nanotubes aligned with the same orientation as the magnetic field polarization 
will have the greatest nanotube-threading magnetic flux. It will be these tubes that 
have the greatest Aharonov-Bohm induced splitting and magnetic brightening. 
Not only does the single-mode fiber excite the sample with the LD, it is also 
used to collect the PL from the sample. The PL returns through both fibers and 
back through the objective lens, where it continues through the pellicle beamsplitter 
and a long pass filter (850 nm long-pass). This long pass filter ensures that only 
PL transmits to the detector and removes any stray LD in the path of the PL. The 
transmitted PL is then fiber coupled to the inonochroinator (Horiba Scientific FHR 
1000) and Si:CCD detector (Horiba Scientific Symphony 1024x256 BIDD type) for 
detection and collection of mK PL spectrum. The LD excitation power was ~20 //W 
and the total collection time was 50 minutes. 
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Figure 3.7 : Diagram of cold finger with nanotube sample attached. OFHC: oxide-
free, high conductivity copper wire. 
3.3 Experimental Results 
We performed temperature-dependent magnetic brightening of DNA-wrapped CoMo-
CAT SWNT thin films at Tohoku University, utilizing their dilution refrigerator and 
superconducting magnet system. We began by investigating zero-field PL at 50 mK 
and 4.3 K and our results are shown in Figure 3.9. It is important to notice that the 
PL for 50 mK is comparable to 4.3 K. which is contrary to what is expected from 
current theory. As reviewed in Chapter 2.3 (Radiative decay in SWNTs), current 
theory suggests that as the temperature approaches 0 T. all excitons should occupy 
the dark state. 
This can also be explained quantitatively by comparing the dark-bright splitting 
of the (8,3) to the thermal energy at 50 mK. Previous experiments have calculated 
a zero-field dark bright splitting of about Ax =5 meV for the (8.3) nanotube and we 
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Figure 3.8 : Current Theory: Lowest lying bright and dark singlet states. At 50 mK, 
the thermal energy is much smaller than the dark-bright splitting. 
calculate the thermal energy at 50 mK to be fc&T =5//eV [31. 42, 43] . As such, the 
thermal energy is three orders of magnitude smaller than the dark-bright splitting. 
Furthermore, we can calculate the relative population of excitons between the bright 
and dark state by calculating the Boltzmann factor: 
A^ 
N5 
•y/Ag + A 2
-^
2AB 
oc e 10 
-534 0 (3.1) 
This population ratio of zero between the bright and dark state implies that the 
dark state is completely occupied. Therefore, at 50 mK and zero magnetic field, 
current theory predict zero PL because all excitons should occupy the dark state 
(Figure 3.8). However, our non-zero PL at 50 mK is surprising and contradicts with 
current theory. 
Continuing with our measurements, we proceed to measure magnetic brightening 
of the (8,3) nanotube at 50 mK and 4.3 K by sweeping the magnetic field from 0 T-
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Figure 3.9 : Zero-field PL for (8,3) at 4.3 K and 50 mK. 50 mK PL is comparable to 
4.3 K, unexpected with current theory. 
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Figure 3.10 : (Left) Magnetic brightening of the PL spectrum for the (8.3) nanotube 
at 50 mK. (Right) Magnetic brightening for 50 mK compared with 4.3 K. 
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5 T. As shown in Figure 3.10, we see an increase of ~20 % in PL intensity and the 
expected red-shifting with increasing magnetic field. We also note that the magnetic 
brightening at 50 mK is comparable to 4.3 K, contradicting with current theory that 
suggests that at mK temperatures, the PL magnetic brightening should be very large 
compared to temperatures of a few kelvin. In particular, using Eq. 2.3 from current 
theory, we can calculate the expected PL intensity for 50 mK at 5 T: 
4 ^ S = 1015 (3.2) 
It is obvious that our magnetic brightening at 5 T is not 1015 and it is therefore 
clear that the current theory is inadequate to describe our mK PL and magnetic 
brightening. 
3.4 Analysis and Discussion 
As our low temperature results contradict with current theory, we will consider first 
the possibility that disorder plays a role in partially brightening the dark state at zero 
field. Disorder is any non-magnetic field, symmetry breaking perturbation and from 
Eq. 2.3 from current theory, disorder exists in the Aharonov-Bohm induced splitting: 
&AB = ^ ^ + Adis (3.3) 
Examples of disorder can be any defects or impurities in the nanotube sample. 
More importantly, disorder can cause finite brightening of the dark state without any 
added magnetic field. Fitting our 50 mK magnetic brightening data to Eq. 2.3 and 
including various amounts of disorder, Figure 3.11 shows the results of our fitting. 
It is important to first note that the theory is linear, while qualitatively our 50 mK 
brightening data is superlinear. It is clear that the current theory does not account 
for the nonlinearity of our data. However, at 50 mK, even though the fit to the entire 
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Figure 3.11 : Fitting of current theory with various amounts of disorder to 50 mK 
magnetic brightening. 
data is poor, the 20 % magnetic brightening is consistent with 18 meV of disorder. 
However, not only is this value inconsistent with previous work , 18 meV of disorder 
is equivalent to applying a magnetic field of about 18 T, which is unreasonable with 
measurements limited to 5 T. Our results indicate that disorder cannot explain our 
PL intensity. 
Considering the possibility that acoustic phonons are inefficient at thermalizing 
excitons and there is in fact a non-thermal distribution of excitons, lets us replace 
the Boltzmann factor with a constant that we represent here as R and determine the 
population ratio at 50 mK. This now changes Eq. 2.3 to 
1 
70c 
h(B) 
h(B) + R 
(T2 + T02)i f^m 
(3.4) 
mj(fi) + R 
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Figure 3.12(a) shows the fitting of our 50 mK rnagnetie brightening to Equation 
3.4. We first note how well this function actually fits our mK data, more accurately 
following the nonlinearity of the data. Also, the results of our fit produces R — 0.45. 
As shown in Figure 3.12(b), this finite population ratio means that 45 % of the entire 
exciton population is still in the upper state. This is unlike the linear fit of the current 
theory, where all excitons are thermalized and R is zero. This improvement to the 
fit, more accurately describes our data and therefore, we can confidently say that at 
low temperatures, our PL data is affected by a non-thermal distribution of excitons. 
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Figure 3.12 : (a) Fitting of Equation 3.4 to the 50 mK magnetic brightening, (b) 
Fit results produce a value of 0.45 for R, indicating that 45% of the entire exciton 
population is still in the bright state at 50 mK. 
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Chapter 4 
Polarization Dependent Coherent Phonon 
Spectroscopy 
Coherent phonon (CP) spectroscopy is an ultrafast pump-probe technique that ri-
vals resonant Raman spectroscopy and although both techniques provide information 
about electron-phonon coupling, CP spectroscopy avoids the common disadvantages 
of Raman spectroscopy that include detection of Rayleigh scattering and photolu-
minescence and the broadening and blending of peak features. Such advantages are 
useful when investigating single-walled carbon nanotubes (SWNTs), where a large 
majority of samples include ensembles dispersed in various environments and their 
optical properties are obscured by the collection of varying species of nanotubes. 
Recent CP studies on SWNTs have produced direct observation of CP oscilla-
tions of both the radial breathing mode (RBM) and G-band phonons, in addition to 
their phase information and dephasing times [44, 45, 46, 47, 48]. Furthermore, when 
pulse-shaping techniques are combined with CP spectroscopy, predesigned trains of 
femtosecond pulses selectively excite RBM CPs of a specific chirality, avoiding inho-
mogeneous broadening from the ensemble [49]. However, it is important to note that 
previous CP studies investigated randomly aligned SWNT samples and as the quasi-
1D nature of SWNTs leads to optical anisotropy that is dominant in the polarization 
dependence of PL, absorption, and Raman scattering, CP studies on aligned SWNTs 
are necessary. 
Here we present the first polarization study of CPs in highly aligned SWNT thin 
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films and found a very strong polarization anisotropy of the RBM as a function of 
angle. In particular, we observed a complete quenching of the RBM when optical 
polarization is perpendicular to the tubes. Fitting our results, we also calculated the 
pneumatic order parameter, S, and determined the order of alignment of our sample. 
4.1 Coherent Phonons 
In general, the phonon modes of vibrations are at random phases from each other 
throughout the crystal lattice. However, if the atoms in the lattice experience a 
driving force, then the phonons can become in-phase, becoming coherent phonons. 
These phonons can then interfere with each other, much like normal modes in wave 
mechanics. 
Coherent phonons can be observed by exciting the phonons with a ultrafast laser 
pulse that is shorter than the duration of the phonon oscillation period. The generated 
coherent phonons will stay in-phase for a short period of time, their lifetime is dic-
tated by dephasing mechanisms that are derived from many sources, ie: anharmonic 
decoupling, temperature, crystalline defects, and electron-phonon coupling. 
The classical equation of motion for a driven harmonic oscillator is used to describe 
coherent phonon motion for a small nuclear displacement Q [50, 51, 52, 53]: 
^mi+2lom+ulm^m (41) 
with the reduce lattice mass /x, the damping 7, and the frequency UJ. More specifically, 
there are two classifications of coherent phonon generation: impulsive and displacive. 
Figure 4.1 displays both types of generation mechanisms. 
For the impulsive excitation, the mechanism can be described via Impulsive Stim-
ulated Raman Scattering (ISRS). ISRS can occur for both nonresonant and resonant 
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Figure 4.1 : (a), (c), (e) ISRS generation mechanism, (b), (d), (f) DECP generation 
mechanism [50]. 
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cases, where the resonant case enhances Raman scattering cross sections and the am-
plitude of ISRS generated coherent phonons [50]. The key requirements for ISRS are 
Raman active modes and a broadband pulse with a pulse duration shorter than the 
phonon period. The broadband optical pulse can provide many possibilities for com-
binations of two photons with a difference that matches the vibrational energy, which 
then provides the impulsive driving force that initiates coherent nuclear motion on the 
ground state [50]. The driving force is defined by the Raman polarizability [51, 53]: 
F(t) = \{^UEkE, (4.2) 
The resulting nuclear oscillation follows a sine function. The 5-function-like driving 
force of ISRS is analogous to giving a kick to the weight of a pendulum and changing 
its kinetic energy [50]. 
For the second case, displacive excitation generates coherent oscillations in the 
excited state when there is a sudden shift in potential energy surface, as shown in 
Figure 4.1. The key requirements are that electron-phonon coupling can shift the 
potential energy surface by electronic excitation and that the broadband pulse has a 
pulse duration that is shorter than the phonon period. The resulting nuclear oscil-
lation follows a cosine function. The step-function-like driving force via a potential 
shift in the excited state of DECP is analogous to changing the potential energy of a 
pendulum by quickly translating its suspension point [50]. 
Figure 4.2 shows the coherent phonon oscillations of Sb and Bi from their transient 
pump-induced reflectivity change. There are two components of the signal: coherent 
nuclear motion from the two Raman active A\g and the Eg symmetry modes and a 
non-oscillatory component from the modification of the electronic and lattice tem-
peratures [50, 54, 55]. Furthermore, as shown in Figure 4.3, where the open circles 
are the oscillatory component of the reflectivity changes of Bi, the solid line is a fit 
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Figure 4.3 : Oscillatory par t of the reflectivity in Bi at 8 K and fit to double damped 
harmonic function [50. 54, 55]. 
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Figure 4.4 : Transient reflectivity change and FT spectrum for (001) surface of single 
crystal type Ha diamond [50, 56]. 
to a double damped harmonic function, the broken and dotted curves indicate that 
the A\g and the Eg components are cosine and sine functions, respectively. Moreover, 
this implies a displacive generation for Aig and a ISRS generation for Eg. 
Figure 4.4 shows another example of coherent oscillations with the transient reflec-
tivity change of the (001) surface of single crystal type Ha diamond. The time-domain 
data shows a dephasing time of 0.145 ps~l and the FT spectrum shows a narrow op-
tical phonon peak at 40 THz. 
4.2 Previous C P spectroscopy measurements 
Lim et al. generated and detected coherent phonon oscillations in SWNTs using ul-
trashort laser pulses with a pulse width ~50fs. Using pump-probe spectroscopy, 
coherent phonons in individualized SWNTs were observed that corresponded to the 
radial breathing mode (RBM) and found that these RBM CPs exactly correspond 
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Figure 4.5 : (a) Pump-probe time-domain data taken with 800 nm center wavelength. 
Inset displays coherent phonon oscillations in the time-domain, (b) CP phonon oscil-
lations measured at five different photon energies. Traces offset for clarity [44]. 
with RBM CPs seen with resonant Raman spectroscopy (RRS) [44]. 
Their sample of choice was a micelle-suspended HiPco SWNT solution. They 
tuned the center wavelength in 5-nm steps from 710 nm to 860 nm and excited and 
measured CP oscillations, as shown in Figure 4.5. The amplitude of the normalized 
differential transmission was 10~4, and each trace consisted of a superposition of 
many RBMs with different frequencies. This can be seen from the nature of the 
resulting strong beating pattern in each of the traces. The decay time for the CP 
oscillations was ~5ps. 
Figure 4.6 shows both 3D and 2D plots comparing the FFT of CP oscillations ob-
tained by CP spectroscopy and RRS. It is important to first note the overall agreement 
between peak positions for both techniques. However, there are distinct differences, 
namely the resolved peak features in CP data that can be attributed to narrower 
line widths compared to RRS. This allowed for more systematic identification and 
assignment of RBMs in the CP spectra over the 1.44eV-1.75eV photon energy range 
as compared with RRS. 
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Figure 4.6 : (Left) 3D plots of FFT of CP oscillations and RRS over an excitation 
range of 710-850nm. (Right) 2D spectra comparing CP to RRS for three different 
photon energies [44]. 
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Figure 4.7 : (a) Differential transmission dynamics of SWNTs. Top panel, visible ex-
citation energy (1.2-2.4eV), probe energy is 2.1eV. Both are sub-10-fs pulses. Bottom 
panel, 30-fs excitation pulse at 0.92eV and a sub-10-fs probe pulse with 2.0eV energy, 
(b) Vibrational spectra of SWNTs. Top panel is FFT of CP spectra from (a) and 
bottom panel is CW Raman spectrum for comparison [45]. 
Gambetta et al. then shortened the pulsewidth of the pump and probe to sub-
lOfs visible pulses to generate and detect not only the RBM CPs, but also the G 
mode phonons [45]. Tuning the pump wavelength, they were able to observe either 
initial photobleaching or photoabsorption as shown in Figure 4.7(a). This differential 
transmission signal includes the CP oscillations and the zoomed-in panel better illus-
trates the higher-order frequency oscillations that correspond to the G mode phonon. 
Calculating the FFT of the extracted CP oscillations, Figure 4.7(b) top panel clearly 
shows both RBM and G mode phonons corresponding to 252 cm - 1 and 1588 cm - 1 , 
respectively. The bottom panel illustrates a continuous-wave Raman spectrum for 
comparison with the CP spectra. 
With current efforts focused on purification, separation, and enrichment of nan-
otubes for commercial based fabrication, Kim et al. utilized the technique of femtosec-
ond pulse shaping in ultrafast pump-probe spectroscopy to selectively excite coherent 
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Figure 4.8 : (a) (Left) Differential transmission of ensemble solution sample without 
pulse-shaping. (Right) FFT of time-domain oscillations with peak assignment, (b)-
(f) (Left) Differential transmission of ensemble solution with pulse-shaping. (Right) 
FFT of selectively excited nanotubes [49]. 
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lattice vibrations of the RBM in SWNTs, where chirality selectivity was achieved 
by using multiple pulse trains, with a pulse-to-pulse interval corresponding to the 
period of a specific RBM [49]. As shown in Figure 4.8(a), without pulse shaping, 
the time domain contains the simultaneous generation of several RBM frequencies. 
However, applying pulse-shaping to the pump and choosing the correct repetition 
rate of the pulse-trains, a specific chirality can be selectively excited, as shown in 
Figures4.8(b)-(f). This selectivity can then provide more accurate phase and excited 
state information about a specific nanotube that would otherwise be obscured with 
other nanotubes in the time-domain. 
Expanding CP spectroscopy to investigate characteristic SWNT optical anisotropy, 
Kim et al. performed polarization dependent measurements on CP oscillations in 
micelle-suspended SWNT solution sample[46]. For such measurements, a half-wave 
plate that was rotated with a stepping motor was used on the pump, while the probe 
polarization was fixed with horizontal orientation. Figure 4.9 shows the polarization 
dependence as a function of pump angle. It should be noted that although the CP 
intensity decreases from 0° to 90°, the CP signal at 90° does not disappear, as is 
expected from the ID anisotropy of the absorption. However, this is due to the na-
ture of the sample, where a solution sample contains nanotubes oriented in random 
directions. As such, even if the pump polarization is perpendicular to a number of 
nanotubes, there are still other tubes partially aligned or completely aligned with the 
pump polarization at 90°. Therefore, to truly investigate polarization dependence, an 
aligned sample will be necessary. It is from here that we extend such measurements 
to investigate polarization anisotropy of CPs in SWNTs. 
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Figure 4.9 : (Top) CP oscillations for various pump polarizations. (Bottom) Am-
plitude of CP oscillations for the (9,4) and (11,3) nanotubes as a function of pump 
polarization angle [46]. 
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4.3 Experimental methods 
4.3.1 Sample fabrication: Highly-aligned S W N T s 
The sample of choice for our polarization dependent measurements are highly-aligned 
SWNT thin films deposited on sapphire substrates. Pint et al. has developed a unique 
technique to form films of highly-aligned SWNTs of various thickness directly from 
vertically aligned arrays of carbon nanotubes (carpets). 
The film process is shown in Figure 4.10(a). First, the growth substrate undergoes 
optical lithography to form narrow 1-2 /xm lines of Fe/A^Oa that are separated by 
50 fim. The carpet is then grown via chemical vapor deposition (CVD) with a high 
temperature exposure to C2H2, H2O, and H2, and allowed to rapidly cool in the 
presence of acetylene [57]. After exposure, the acetylene is turned off and the carpets 
undergo a high temperature (775°C) H2/H2O etch to remove the SWNTs from its 
Fe-0 catalyst base. 
Once the carpet is removed from the catalyst, it can then be transferred to another 
surface, like sapphire in our case. This is simply done by touching the film with 
another surface. As the nanotubes are only weakly bound by van der Waals forces to 
the catalyst base, touching the film with the host substrate will layover the nanotubes, 
shown in step II of Figure 4.10(a). Finally, the host substrate can be lifted, removing 
the SWNT film from the growth substrate without any residual catalyst particles. 
Figures 4.10(b-c) depicts before and after images of the transfer process. 
The resulting film produces aligned nanotubes of the same length, with a diameter 
distribution centered around 3 nm, as shown in Figure 4.11 [58]. This diameter distri-
bution implies that our pump-probe measurements will excite higher order excitation 
bands around £33 and £'44. With such an aligned sample, our polarization measure-
ments can be extended to include the sample as an additional rotation parameter. 
M III. Transfer 
Horizontally aligned SWNTs 
Figure 4.10 : (a) Transfer process scheme of aligned SWXT films (b) SEM ima 
carpet arrays separated by 50 /xm prior to transfer process (c) complete transfer 
diamond window[58]. 
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Figure 4.11 : SWNT film diameter distribution[58]. 
4.3.2 Coherent phonon spectroscopy 
Our coherent phonon spectroscopy system is a modified pump-probe spectroscopy 
system, where we utilize a fast scan detection scheme as opposed to the standard 
lock-in detection. Figure 4.12 is a schematic of our coherent phonon system. An 
ultrafast femtosecond laser (Kapteyn-Murnane) source is incident on a beamsplitter 
to produce our pump and probe beams. The Ti:Sapphire oscillator laser, pumped by 
a frequency doubled Nd:YVC>4 laser (532 nm), has a repetition rate of 76 MHz, pulse 
separation of 13 ns, and a pulse width of 80 fs. The repetition rate is determined by 
the total length of the laser cavity optical path. The pulse width is determined by 
the length of separation between the two prisms in the laser cavity and the amount 
of glass the light travels, where the prisms control Group Velocity Dispersion (GVD) 
compensation. 
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Figure 4.12 : Schematic of coherent phonon spectroscopy system. 
The laser is tuned to a wavelength centered at 850 nm and because our coherent 
phonon system is a degenerate pump-probe system, both pump and probe beams 
have the same wavelength. For such a measurement where we probe nonlinear effects 
induced by the pump, the probe should be significantly weaker in power than the 
pump. We can achieve this by ensuring our beamsplitter provides at least 10:1 pump 
to probe power ratio. 
Before it is focused on the sample, the pump beam is propagated through a shaker-
delay stage that behaves as a fast scanning delay generator. In conjunction with a 
fast A/D (analog-to-digital) converter and optical detection, the shaker-delay stage 
is used to average thousands of pump-probe scans in minutes. This is extremely 
beneficial when signal to noise ratio is limited. For our measurements, we can resolve 
CP signal on the order of 10~6. 
The motorized delay stage produces a time delay of the pump beam (t = ^ ^ ) , 
where Ax is the position of shaker on the delay stage. This is fundamental in a 
50 
pump-probe system, where the shaker can be moved down the line of the delay stage 
to separate the pump and probe pulses in time. The position of the delay stage in 
which the pump and probe pulses have zero time separation, meaning they overlap 
exactly in time, is referred to as " timing zero". Therefore, when both the pump and 
probe pulses overlap in the sample at timing zero, the pump induces a maximum 
nonlinear effect in the sample that is detected by the probe. 
As shown in Figure 4.13, the shaker controller connected to the shaker itself is 
driven by a function generator. For the purposes of smooth shaking motion, a sine 
wave is chosen with an amplitude and frequency determined by the experimental 
requirements (typically 6Vpp, 15Hz for our CP measurements). The shaker controller 
output is then sent to an A/D converter to provide temporal information about the 
shaker position. The pump-probe signal from the Nirvana balance detector output 
is also connected to the A/D converter, but only after connection to a current pre-
amplifier. The A/D converter is finally connected to a computer and Labview software 
is used to average and record data. The recorded time axis is determined by the 
shaking amplitude of the shaker. 
Separate from the pump beam, the probe is focused and spatially overlapped with 
the pump on the sample after it is transmitted through a second beamsplitter. Here, 
the reflected beam from the beamsplitter is called the reference beam and does not 
interact with the sample. Instead, the reference beam is illuminated on one of the 
two Si photodiodes of the Nirvana balance detector. The other Si photodiode is 
illuminated by the transmitted probe after the sample. 
The Nirvana balance detector monitors the optical power of the probe and refer-
ence and has four distinct settings: LINEAR., BAL, AutoBAL. and 10X. The LINEAR 
output is solely the voltage proportional to the optical power of the probe, while BAL 
is the voltage proportional to the difference between the probe and reference. Auto-
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Figure 4.13 : Schematic of A/D converter connections and fast scan detection. 
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Figure 4.14 : Differential transmission of the time-domain pump-probe signal. Inset 
includes CP oscillations in the time-domain. 
BAL is autobalanced detection, where the output is proportional to the optical power 
of the probe after common noise between the probe and reference is removed. This is 
highly beneficial when signal is small compared to the noise in the experiment. 10X 
is the autobalanced setting with a gain of 10. For our measurements, lOXis used. 
Typical pump-probe time-domain signal with CP oscillations from a HiPCo solu-
tion sample is shown in Figure 4.14. The zoomed in panel emphasizes our ability to 
monitor real-time CP oscillations with our detection scheme. 
The underlying physics that provides the mechanism to detect CP oscillations 
can be qualitatively explained. When the pump is incident on a SWNT sample 
with adequate energy to excite carriers across the band gap into higher order energy 
levels in the conduction band, these excited carriers will eventually perform intraband 
relaxation, relaxing to the bottom of the conduction band. This is a nonradiative 
decay channel mediated by phonons, and due to the pulse width of our pump pulses 
53 
(a) 
mm 
(b) 
wttmm* 
E
 + 
DOS 
E + 
DOS 
Figure 4.15 : Oscillation of nanotube diameter and nanotube band gap. (a) As the 
nanotube diameter expands, the band gap shrinks, (b) As the nanotube diameter 
shrinks, the band gap expands. 
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Figure 4.16 : (a) Time-domain signal of extracted CP oscillations, (b) FFT of time-
domain of CP oscillations. 
exciting the sample, the specific phonons involved are RBM phonons. Once carriers 
transfer energy to the RBM phonons, the RBM phonon oscillations are induced in 
the SWNT sample. 
Considering the case of a single nanotube, as the RBM oscillates, the nanotube 
diameter oscillates, and the band gap of the nanotube will also oscillate with En ~ ^, 
where d is nanotube diameter [59]. In Figure 4.15(a), when the nanotube diameter 
expands, the band gap shrinks. The opposite is seen in Figure 4.15(b), where the 
band gap opens when the nanotube diameter shrinks. 
This phenomenon can then be observed optically because as the size of the band 
gap oscillates, more or less pump light can be absorbed and monitored by the probe. 
The transmitted pump-probe signal will then oscillate exactly with the induced RBM 
phonon. For the case of an ensemble of nanotubes close in diameter, the oscillations 
will manifest itself as beating in the time-domain, as shown in Figure 4.16(a). 
To extract the CP oscillations from the characteristic pump-probe background, 
the pump probe signal is first fit with a number of exponentials. 
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This exponential fit is then subtracted from the pump probe signal and the result-
ing CP oscillations (as shown in Figure 4.16(a)) remains. Performing a Fast-Fourier 
transformation from the time-domain to the frequency domain allows us to determine 
the exact frequencies of nanotubes in the ensemble (Figure 4.16(b)). 
4.3.3 Polarization dependence 
Figure 4.17 (a) shows the UV-VIS absorption spectrum of a typical aligned sam-
ple, while Figure 4.17 (b) shows the THz absorbance spectrum. The polarization 
anisotropy is obvious in the THz regime, as there is virtually zero absorption when 
the sample is perpendicular to the THz polarization. Therefore, with such an aligned 
sample, our polarization measurements can be extended to include the sample as an 
additional rotation parameter. 
As depicted in Figure 4.18, two types of polarization measurements were inves-
tigated. Type I measurements maintained the same polarization for the pump and 
probe, while rotating the alignment axis of the sample. Type II measurements main-
tained the same orientation for the probe and sample, while rotating the pump po-
larization. For Type II measurements, a half-wave plate provided 90-degree rotation 
of the pump. 
4.4 Experimental results 
Performing polarization dependent coherent phonon spectroscopy, we begin by first 
rotating the sample in Type I configuration and monitoring the pump-probe signal. 
Figure 4.19 shows the resulting polarization dependence of the pump probe at 0°, 
45°, and 90°. It is clear that there is a distinct polarization dependence, as we see 
a decrease in differential transmission of the electronic component as the sample is 
rotated by 90 degrees. 
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Figure 4.17 : (a) UV-VIS Absorption spectrum of CVD grown aligned SWNTs at 0° 
and 90° to light polarization, (b) THz absorbance spectrum for the aligned SWNT 
film at 0° and 90° to THz polarization. 
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Figure 4.18 : SEM image of aligned SWXTs and experimental configurations are 
shown, (a) For Type I, pump and probe polarizations are fixed and sample orienta-
tion is rotated, (b) For Type II, probe and sample orientations are fixed and pump 
polarization is rotated. 
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Figure 4.19 : Polarization dependence of pump-probe signal in Type I orientation. 
Our polarization dependent results for both Type I and Type II orientations are 
shown in Figures 4.20 and 4.21. Here, the differential transmission amplitude of 
the RBM CP oscillations is on the order of 10~6, with a CP decay time of ~1.5ps. 
This short decay time is expected with our sample of highly-bundled SWNTs. As the 
polarization angle is rotated, we see a strong polarization anisotropy of the RBM CPs 
as a function of angle, where the strongest oscillations at 0° are completely quenched 
at 90° for both types. 
4.5 Analysis and discussion 
To produce the CP spectra (Figure 4.22), we calculate the fast Fourier transformation 
(FFT) of the CP oscillations in the time-domain. The frequencies of the CP oscilla-
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Figure 4.20 : Polarization dependence of CP signal in Type I orientation. 
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Figure 4.22 : Polarized CP spectrum for Type II. The traces are offset for clarity. 
tions range from 50-200 cm - 1 , and is consistent with the large diameter distribution 
of nanotubes within the sample. The polarization anisotropy is obvious both in the 
CP spectra and also for the various nanotubes that are excited. 
Figure 4.23 plots the integrated CP intensity of the FFT for all excited nanotubes 
and includes fits of cos4#, where 9 is the angle of rotation for the Type I sample po-
larization and for the Type II pump polarization. Such a fit is typical for polarization 
dependence measurements of Raman in perfectly aligned nanotubes [7]. Both Type I 
and Type II results fit well with cos4#, indicating a highly-aligned sample even though 
our sample is largely bundled, and we can now extend these results to determine the 
nematic order parameter, S. to quantitatively calculate the degree of alignment of 
our nanotubes. The analysis and corresponding theory were calculated by Dr. Gary 
Sanders and Dr. Christopher Stanton at the University of Florida [60]. 
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Figure 4.23 : Integrated CP intensity as a function of angle for Type I and Type II. 
The solid lines are fits to cos4#, expected when nanotubes are perfectly aligned. 
To calculate the nematic order parameter, we first assume that the nanotube 
alignment angles on the sapphire substrate are described by a Gaussian distribution 
function with a small standard deviation A6. Then, the angle between the pump 
polarization and the averaged nanotube axis is 9 and d between the pump and each 
nanotube axes is described by 
P{d,0,A0) = 
2TT(A0) exp 2(A0)2 (4.3) 
Subsequently, as the integrated CP power for each nanotube is Acosp{-d), then 
the entire ensemble integrated power Icp(0, AO) is 
/
oo 
d-d P(tf,0,A9) cosp(tf) 
-oo 
(4.4) 
For Type II results, 6 is replaced by (f> for both equations above. Solving this 
analytically, the results are shown in Figure 4.24, where p — 8 for Type I and p = 4 
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Figure 4.24 : Misalignment effects on the integrated CP power [60]. 
for Type II. We can see that as A# [A</>] increase, quenching of the CP intensity is 
reduced. 
We can now fit our experimental results by assuming a fitting function of A cosp(6+ 
A0)+B [A cosp((f)+A.<p)+B], where A and B are background subtraction and rescaling 
parameters, A0 [A</>] is a random Gaussian distributed misalignment angle (standard 
deviation A0 [A0]), and p — 8 for Type I and p = 4 for Type II. Calculating these fits 
with the same standard deviation for nanotube misalignment angles for both Type I 
and Type II, our results are shown in Figure 4.25, where the standard deviation is 
A0 = A0 = 18.7°. 
We can now calculate the nematic order parameter, S, a dimensionless quantity 
that measures the degree of alignment, where 5 = 0 is for a randomly oriented 
sample and S = 1 is for a completely aligned sample. Calculating the nematic order 
parameter, 5, for small A0 is S = exp(-2 (A6>)2) = 0.81. 
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Figure 4.25 : Experimental results fit to A cosp(9 + A9) + B for Type I and Acosp(<p + 
A<j>) + B for Type II [60]. 
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Chapter 5 
Conclusion 
To further understand the role of excitons and phonons in SWNTs, we have success-
fully performed both mK magneto-PL and CP spectroscopy. Our mK results showed 
that at low temperatures, current theory does not adequately explain the zero-field 
PL and magnetic brightening. We also showed that including disorder into the cur-
rent theory also does not account for the mK magnetic brightening. Only when we 
considered a non-thermal distribution of excitons, did our experimental results fit 
successfully to our new theory, and we discovered a large population of excitons still 
in the bright state. This opens the door for more experiments, especially temperature 
dependent measurements to improve our new theory and determine the exact form 
of the R, the non-thermal excitonic population coefficient. 
Finally, for our CP measurements in Chapter 4, we investigated the polarization 
anisotropy of coherent phonon dynamics in highly-aligned single-walled carbon nan-
otubes and measured RBM coherent phonons as a function of polarization angle. We 
saw a complete quenching of the RBM for both geometries and extended our results 
to determine the degree of alignment of the sample. Including misalignment effects 
to our fitting, we determined the nematic order parameter to be 0.81. Our results are 
the first polarization anisotropy study of CPs in highly-aligned SWNT thin films. 
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